1
at the Linear Coherent Light Source (LCLS) at the SLAC National Accelerator Laboratory, with 8.2 keV X-ray photons, during the cxi83714 experiment in January 2014. The two-axis imaging of explosions (see Fig. 2c in the main text) was performed in the microfocus chamber at CXI, with 8.2 keV X-ray photons, during the cxii4115 experiment in May 2015.
The X-ray beam was focused using a Kirkpatrick-Baez mirror system 2 to a spot size of ~1 µm FWHM, with a Lorentzian-like beam profile. The exact value of the beam diameter does not affect the explosion models as long as the diameter of the jets and drops is several times larger than the diameter of the beam. To evaluate the initial energy density in the filament of liquid illuminated by X-rays, we assumed that the beam energy was distributed over an area of 1 µm 2 .
The energy of X-ray pulses was measured at the source after it was attenuated from a typical output of 2 mJ to a desired energy level, and recorded for every pulse, but only a part of the pulse energy was transmitted all the way to the CXI instrument. In some experiments, part of the X-ray beam was split and used upstream at another experimental station using a thin crystal monochromator to multiplex the LCLS beam, 3 and we used an approximate correction factor of 0.75 to take into account the transmission loss through the thin diamond crystal. Limiting mirror apertures at the LCLS front end and at CXI itself account for another factor of ~2 transmission losses, leading to roughly 35-40% total transmission to the sample.
A.2. Optical imaging setup
The optical imaging setup, shown in Fig. S1 , follows the design of an optical microscope with brightfield illumination. The main design goals were (i) achieving ~1 µm optical resolution, (ii) maintaining a centimetre-sized region around the X-ray focus free of optical elements, and (iii) compatibility with highspeed and time-resolved imaging techniques. The spatial resolution specification required a large numerical aperture, and due to the length of the vacuum chamber (~1 m), some of the optical elements had to be placed inside vacuum. We kept the heat-generating elements-illumination sources and the camera-outside the chamber.
We used 5X or 20X plan apochromatic long-working distance objectives (34 and 20 mm working distance, respectively; Mitutoyo Corporation, Japan) to avoid interference with equipment placed close to the X-ray focus. Their performance was not affected by cycling between atmospheric pressure and high vacuum conditions (~10 -6 Torr). The best optical resolution was achieved with the 20X objective; images of an USAF resolution target (Edmund Optics Inc., USA) could be resolved to the smallest features on the grid, 780 nm wide lines.
Achieving a high optical resolution required high numerical apertures on both the illumination side and the image-forming side. Along the imaging path, the last two lenses before the imaged region played the role of a condenser, producing a converging cone of illumination light with a numerical aperture comparable to that of the 20X objective. Since this illumination setup produced an image of the light sources, we aligned the image of the light source slightly behind the imaged plane to blur its features. We illuminated a circular
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region with a diameter of ~5 mm to track the motion of objects around the X-ray interaction region. The illumination path was fixed during experiments, while the objectives were mounted on a remotely controlled motion stage to adjust the position of the imaged region during experiments.
The high-speed camera used to record images (Vison Research, Miro M320S) had a minimum exposure time of 1 µs, which was too long for imaging micron-scale fluid motion at tens to thousands of meters per second. To resolve the fluid dynamics, we used pulsed laser illumination from either a 527 nm Nd:YLF laser producing ~100 ns pulses (Coherent Inc., Evolution) or an 800 nm Ti:Sapphire laser producing ~150 femtosecond pulses (Coherent Inc., Legend Elite). The explosion data presented here was recorded using femtosecond laser illumination, which produced sharp snapshot images. The nanosecond illumination was too long for imaging explosions and led to motion-blurred images, because some of the interfaces between liquid and vacuum moved by more than the optical resolution distance in 100 ns. We used the nanosecond laser illumination, ~2 µs before the X-ray pulse, to verify the proper injection of undisturbed drops and jets.
Figure S1 | Optical imaging setup. Schematic of a top view of the setup. The X-ray path and the imaging axis are in a horizontal plane, and form an angle of 75°; this geometry was imposed by the availability of viewports and by the spatial constraints of the vacuum chamber. The lenses used in the setup are plano-convex, and their focal length and outer diameter is specified in the drawing. The explosion images were recorded using femtosecond laser illumination; the nanosecond laser was used to verify the proper injection of drops and jets. The inset shows the schematic of the imaging setup used for two-axis time-resolved imaging; in this case, the angles between the XFEL beam and the imaging axes were 0° and 90°. 
5
For both types of laser illumination, we decohered the laser light to suppress speckles in the illumination field. The nanosecond laser was first transported through a 15 m long multimode optical fibre with a 1 mm diameter and then projected on a stack of optical diffusers with grit sizes 120, 600, and 1200 (Thorlabs Inc., USA); the femtosecond laser beam (~5 mm diameter) was fed into an ~1 m long optical fibre bundle for illuminators (Dolan-Jenner Industries, USA), then projected on the same type of diffuser stack. The illuminated surface on the last diffuser in the stacks was thus the actual light source for illumination. Both decohering stages (multimode or bundled fibre, and diffusers) were necessary to produce an illumination field free of speckles.
The imaging system, when used with femtosecond laser illumination, could be used for time-resolved imaging down to ~1 ps time resolution. A delay time resolution of ~10 ns was sufficient to determine the fluid dynamics induced by explosions, however. The time resolution in our experiments was 5 ns, and was defined and limited by the electronic setup for measuring the time delays. A fast photodiode captured light from the illumination setup, and the photodiode signal was recorded with a 5 ns temporal resolution using a fast digitizer in the LCLS data acquisition system.
For the two-axis imaging of explosions, we used a modified version of the imaging setup, shown in the inset of Fig. S1 . To image along the X-ray path, we combined the standard inline imaging system at CXI with femtosecond illumination. We split a part of the femtosecond laser pulse, decohered it using a diffuser stack, and introduced the light in the vacuum chamber via a 1 mm multimode optical fibre, where it was projected along the XFEL axis with an X-ray transparent mirror made from a reflective 50-µm thick Mylar foil.
A.3. Production of jets and drops
Figs. S2a and S2b show images of Rayleigh and GDVN nozzles producing water jets. The jet explosion experiments are listed in Table S1 . Each type of jet and drop was exposed to the XFEL beam for several minutes, during which we recorded the effect of 2000-25000 XFEL pulses.
The water used in experiments with Rayleigh jets and trains of drops was supplied by a water purification system (EMD Millipore, Milli-Q Integral 3). To generate the Rayleigh jets and the trains of drops we used piezoelectric nozzles (MicroFab Technologies, Inc., models MJ-AT-01-015, MJ-AT-01-020) with 15 µm and 20 µm orifice diameters. The trains of drops were produced by driving the Rayleigh-Plateau breakup of jets with the piezoelectric element in the nozzles, which was connected to a function generator (Keithley 3390) that produced sine waves with a typical peak-to-peak amplitude of 1-2 V and frequencies of 122 kHz (15 µm nozzle) and 69 kHz (20 µm nozzle). The droplets were synchronized to the LCLS X-ray pulses by triggering the generation of the sine wave from the LCLS pulse timing signal. The water was supplied from a stainless steel pressure vessel connected to a variable pressure air supply that could apply pressures between 1 kPa and 300 kPa relative to the pressure at the orifice of the nozzle; the typical pressure differential used in experiments was 100 kPa.
The liquid jets thinner than the Rayleigh jets were produced with a gas dynamic virtual nozzle 4 encased in a liquid injector assembly 5 as described previously. The samples were supplied to the nozzle using an HPLC system (Shimadzu Biotech, Duisburg, Germany). The flow rates of the liquid were set by the HPLC pump and were monitored by an independent flow meter (Bronkhorst mini CORI-FLOW M12, Bronkhorst
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6 Cori-Tech BV, Ruurlo, The Netherlands). Helium gas was used to focus the jets, and its pressure was set using a Proportion-Air Model GP1 control valve (Proportion-Air, McCordsville, USA). Protein crystal suspensions of lysozyme (for detector calibration), ferritin and apoferritin, prepared as described previously, 6, 7 were filtered through an appropriately sized stainless steel filter and were kept at 293 K in their mother liquor or other compatible buffer in a rotary antisettling device 8 during data collection. For many of the experiments, degassed, high purity water (18.2 MΩ conductivity, Milli-Q water purification system, Merck KGaA, Darmstadt, Germany) was used for the jet or rinsing the sample nozzles.
Figure S2 | Geometry of Rayleigh and GDVN nozzles, and film dynamics for GDVN jets. a, Experimental geometry for a nozzle producing a Rayleigh jet, 20 µm diameter. b, Experimental geometry for a GDVN nozzle producing a 5.6 µm diameter jet. This nozzle produces a co-flowing stream of helium gas that focuses the liquid jet to a smaller diameter than the capillary that feeds the liquid. c, Water film dynamics after exposing a 5.6-µm GDVN jet to a 0.75 mJ X-ray pulse. The figure is an overlay of images taken at different time delays, as indicated in the image. The film closer to the nozzle is pushed by the gas and folds over the gap, not damaging the upstream part of the jet. d, The film further from the nozzle evolves in a qualitatively similar manner to the ones in Rayleigh jets, but the folding rate is slightly accelerated by the gas. The overlaid images are recorded at the same delays as in panel c.
A.4. Data processing
Most of the experimental parameters were recorded automatically by the LCLS data acquisition system. The movies were recorded separately in the memory of the high-speed camera, and later downloaded to a PC. To synchronize the movies with the LCLS data stream, we used the LCLS event sequencer to trigger the high-speed camera and the LCLS data acquisition simultaneously. The relationship between the movie frame numbers and the X-ray pulse index was given by a numeric difference that was constant in a given data run, but sometimes varied between runs; to determine the exact synchronization relationship between the two data streams, we used as indexing markers randomly occurring X-ray pulses with very low energies that did not induce any visible explosion effects.
The energy of X-ray pulses varied from shot to shot, and led to a range of explosion effects. From the data acquired in an experimental run, we used for analysis only single-shot data points characterized by pulse energies that lay within a narrow band around the average of pulse energies. For Rayleigh jet experiments, the pulse selection criteron was that the pulse energy was within 10% of the average pulse energy. The data selection for GDVN was more complex, because the diameter of jets became comparable to the amplitude of the mechanical vibrations of the nozzle mount (~1 µm), and only a fraction of the X-ray pulses intersected the axis of the jets. For GDVN jets, we also recorded the X-rays scattered by the jet using a 2D X-ray detector (a Cornell-SLAC Pixel Array Detector, or CSPAD). The jets that were aligned perfectly with the beam produced the largest number of scattered photons, because the total number of scattered photons is proportional to the length of the X-ray path inside the jet. In addition to using only data corresponding to pulses ±0.75 standard deviations around the mean of the pulse energies, we filtered the data further according to the criterion that the total scattering signal recorded by the CSPAD detector, scaled by the pulse energy, was in a band of 0.75 standard deviations above the mean ratio of scatter signal to pulse energy.
The kinematics of the drop explosions and of the shock waves in the jets was determined manually from the images. To determine the kinematics of the gap growth in jets, we wrote an image analysis code in Matlab that extracted gap sizes automatically. The automatic measurements had a typical accuracy of ±6 pixels, or ±3 µm, except for data recorded during the collapse of the film produced in GDVN jets (see Fig.  S2c ), where the upstream end of the jet was difficult to define and measurement errors up to 10 µm occurred, because some of the images of GDVN jets were processed incorrectly by the code. We filtered most of these errors by imposing the condition that the middle of the gap moved at a constant velocity.
The diameter of jets cannot be determined more accurately than ±1 µm from the images, because the jet edges were not 1-pixel sharp. To achieve better precision, we determined the jet diameters from the flow rate of the liquid and the velocity of the jet. The flow rate of GDVN jets was set by the HPLC pump and monitored independently by the inline flow meter. For the Rayleigh jet, we measured the flow rate as the product of drop frequency and drop volume, by inducing the breakup of jet into monodisperse drops at a pre-set frequency, and measuring the diameter of the drops optically. The velocity of all jets was determined as the translation velocity of the centre of the gap during stage I of gap growth.
The jets and the drops cooled by evaporation in vacuum, but we used for numerical calculations the hydrodynamic properties of water (density, surface tension, speed of sound) at room temperature, because these properties do not vary rapidly with temperature. We estimated that the decrease in the temperature of jets was at most on the order of 10 K, because the exposure to vacuum was brief-less than 100 µs in the Rayleigh jets and less than 10 µs in the GDVN jets.
A.4. Processing of supplementary videos
The supplementary videos are listed in Table S2 . The frames in the movies were chosen from the selected data points, based on their delay times, to assemble movies with the highest possible frame rate. The recorded interframe delay was on average equal to the inverse of the frame rate, but each frame had a timing uncertainty of +1 interframe delay. For example, in a 200 million frames per second (200 Mfps) movie, the seventh frame in which the explosion is visible had a delay between 7/(200 Mfps)=35 ns and (7+1)/(200 Mfps)=40 ns. Due to the jitter in the delays of the frames, it was not possible to assemble movies from frames that had exactly the delays expected from the inverse of the recorded frame rate. All movies were rendered to play at 15 frames per second.
The original high-speed movies had 12-bit resolution, and were compressed to 8-bit resolution using the software of the high-speed camera (Phantom Camera Control version 2.5.744.0, Vision Research, Inc.). Then, the chosen frames were selected from the original movies and rearranged using a Matlab program that we wrote for this purpose. The brightness and the contrast of the 8-bit movies was not altered during the selection of frames or during the next movie processing steps, which were performed using commercial As the largest contribution to vibration of images was the vibration of the camera, we stabilized the frames to keep the image of nozzles stationary in the image plane, or to maintain the same position of the jet (transverse to flow) in movies that did not display the nozzle. All movies reproduce the translation of the jets or drops in the lab frame, except movie 2, whose frames were processed to keep the position of the next-neighbour drops stationary. (2) We downscaled movies 4, 6, and 7 by a 2:1 pixel ratio to reduce the file size of these supplementary movies. (3) All movies were rotated by 90° clockwise to display the jet flowing downward; in the experiments, we tilted the camera to use most efficiently the rectangular footprint of the imaging sensor. (4) We rendered the movies in the Quicktime mov format, using H.264 encoding with different levels of spatial quality depending on the size of uncompressed movies, to reduce their file size for online downloading. Movies 1 to 7 were encoded at a spatial quality of 80%, movies 8 to 14 at a spatial quality of 90%, and movies 15 to 18 at a spatial quality of 100%. Encoding at spatial qualities of 80% or 90% did not change significantly the resolution of the movies. 
B. Analytical fluid dynamics models for liquid explosions in jets and drops
B.1. The sequence of explosion phenomena and their time scales
The liquid explosions presented here can be thought of as a process of setting liquids and gases in motion, using the X-ray laser as the driving force. This process is composed of several stages with distinct mechanisms, which have characteristic timescales ranging from tens of femtoseconds to tens of microseconds. The nanosecond to microsecond explosion dynamics observed in our experiments can be explained as a combination of basic phenomena in fluid dynamics [9] [10] [11] and shock physics, 12 initiated by the absorption of X-rays in the liquid.
In water illuminated by 8.2 keV X-ray photons, the absorption of X-rays 13 occurs predominantly through the photoelectric effect, in which a bound electron in the material absorbs the photon and is ejected as a photoelectron. These photoelectrons have energies almost as large the absorbed photons, because the binding energies of electrons in hydrogen and oxygen atoms are well below 1 keV. The photoelectric effect is a sub-femtosecond process, 14 and thus the X-ray absorption occurs during the ~30 fs duration of the pulse. The photoelectrons diffuse while thermalizing among themselves on a ~100 fs timescale, 15 then fully thermalize through collision with the molecules. In solids, the electron-ion thermalization occurs on a picosecond timescale; 16, 17 the full thermalization of water, in the sense of achieving a well-defined local temperature after rapid heating, was shown to occur on the order of 10 ps or faster even after strong isochoric heating with pulsed lasers. 18, 19 The outcome of these fast absorption and thermalization processes is the formation, on a picosecond timescale, of a filament of water (an approximately 1 µm diameter cylinder of material illuminated by X-rays) at high pressure and temperature.
If a pulsed optical laser is focused inside a volume of water, the water at the focus can boil and form an expanding bubble of hot plasma, which is observable in images recorded up to tens of nanoseconds after the laser pulse. 19, 20 We did not observe hot plasma bubbles during the explosions. Instead, we observed that a volume of liquid with a size comparable to that of the jets and drops exploded faster than the temporal resolution of the experiment (typically, 5 ns). For example, the earliest jet gap that we observed in the movies had a size comparable to the jet diameter. As the diameter of the X-ray beam was smaller than the diameter of jets or drops, the absorption of X-rays in micron-sized drops and jets led to an explosive vaporization of water in a volume of liquid that was larger than that of the filament heated by X-rays.
The water transformed into vapour (or into a mixture of vapour, and drops smaller than the imaging resolution) forms a cloud that expands into vacuum, and interacts with the non-vaporized sections of the jet, or in the case of drop explosions, with the neighbouring drops. In the case of gas-focused GDVN jets, the cloud expands into the rarefied gas used for focusing; we neglected the pressure of the focusing gas (on the order of one tenth of the atmospheric pressure 21 ) in our analysis, because it is orders of magnitude smaller than the pressure of the exploding cloud. The characteristics of this expanding cloud of vapour (density profile, expansion velocity) determine the extent to which the water that was not vaporized is affected by the explosion. Because jet explosions produced mostly gaseous clouds that were often invisible in the optical images, we inferred the characteristics of the cloud using drop explosions, which produced clouds that contained fine liquid fragments and were thus visible in the movies.
The pressure exerted by the vapour cloud drives the flow of the liquid in the non-vaporized jet sections or in the neighbouring drops. In jets, the cloud pressure pushes liquid from the jet into thin films of liquid, and causes a rapid increase of the gap. This regime of direct action of the exploding vapour on jets (which we SUPPLEMENTARY INFORMATION DOI: 10.1038/NPHYS3779 11 named stage I) has a limited duration. Because the vapour cloud expands freely in vacuum, its pressure decays, and at a certain time it becomes too weak to drive liquid flow in the jet. The duration of stage I increased with the jet diameter, and was on the order of 0.1 to 1 µs (see Table S1 ).
After the cloud of vapour ceases to be a driving force, the flow of liquid continues because of its accumulated inertia, but is quickly slowed down by either surface tension in the case of jets, or by merging with other drops. Eventually, the flow becomes solely driven by surface tension or by the coalescence of volumes of liquids having different velocities; these late explosion effects can last from a few to hundreds of microseconds. In the case of jets, we divided the later effects into two separate stages, II and III, which are defined by constant but distinct rates of gap growth. Fig. S3 is specific to the experiments presented here, and might not apply to other experiments that investigate the effect of XFEL pulses on liquids; the time scales depend on the properties of the liquid (absorption length, density, surface tension, and others), on the size of the liquid sample, and on the amount of X-ray energy absorbed. 
B.1.1. Photoelectron diffusion below the explosion threshold
Photoelectrons produced by hard X-rays with photon energies on the order of 10 keV can diffuse over distances on the order of microns in materials composed of light elements. 22 As the absorbed X-ray energy is initially contained in the photoelectrons' kinetic energy, the diffusion of photoelectrons can lead to an increase in the volume of material that is heated by X-rays on a picosecond time scale.
For femtosecond X-ray pulses of sufficiently large fluences, the range of motion of photoelectrons becomes limited by electrostatic trapping, 23 illustrated schematically in Fig. S4a for a liquid water sample probed by a narrow X-ray beam. The volume illuminated by X-rays is depleted of electrons, and acquires a positive charge whose electric field slows and stops the photoelectrons at a finite distance from the X-ray beam.
We used a basic electrostatic model to evaluate the impact of photoelectron diffusion in our experiments. Assuming that (i) the effective volume heated by X-rays is equal to the electrostatically limited volume in which photoelectrons can diffuse, and that (ii) electrostatically stopped photoelectrons are distributed in a thin cylindrical shell centred on the X-ray beam axis, we calculated the ratio of the volume accessible to photoelectrons to the illuminated volume as a function of the X-ray pulse energy. This calculation assumes that the sum of kinetic and electrostatic energy of photoelectrons is constant and neglects energy losses though collisions, but provides an order-of-magnitude estimate for the onset of electrostatic trapping.
Fig . S4b shows that at the pulse energies at which we observed explosions (larger than 50 µJ) the photoelectrons are trapped, and the heated volume is practically the same as the illuminated volume. The onset of electrostatic trapping coincides with the observation of the first vaporization effects, and the increase of the heated volume at the bubble formation threshold (~10 µJ) reduces the estimated energy density generated by X-rays from ~10 MJ/kg to ~4 MJ/kg. The energy density calculated assuming photoelectron diffusion is closer to the energy density required to heat water from room temperature to 100 °C and fully vaporize it (~2.6 MJ.kg). The diffusion of photoelectrons is thus likely to affect the bubble formation threshold, but it should not change the isochoric energy density generated in the case of explosions, which occur at higher X-ray fluences. 
B.2. Energy propagation in the liquid after fast heating in the illuminated region
Because the volume of vaporized liquid within jets and drops is larger than the illuminated region, the vaporization must be preceded by the propagation and conversion of X-ray energy into the volume of liquid that is eventually vaporized. The redistribution of energy into this region generates the initial conditions for the vaporization of liquid. Although the conversion of X-ray energy into energy forms that are relevant to our analysis (pressure and kinetic energy) occurred faster than the time resolution of the experiment, understanding its nature and scaling are critical for the modelling of gap growth and of the motion of neighbouring liquid drops.
Intense heating with light (including X-rays), on a femtosecond scale, is isochoric, 24 and produces both high temperatures and high pressures. Isochoric heating in our experiments produced energy densities up to ~750 MJ/kg-hundreds of times larger than the energy needed to completely vaporize liquid water at room temperature (2.6 MJ/kg). Using (i) this maximum energy density, (ii) the size of the illuminated region, and (iii) the time elapsed between the XFEL pulse and the fragmentation of drops (less than the 5 ns temporal resolution of the experiment), we estimated that the initial energy flux from the illuminated region was on the order of 10 The most likely mechanism for energy propagation through the liquid phase is a pressure or a shock wave, because the times elapsed between the XFEL pulse and the fragmentation of drops and of jets correspond to energy propagation velocities on the order of the speed of sound in water (~1500 m/s). Also, pressure or shock waves can produce the energy fluxes we observed.
If the boundary between the pressure wave and the undisturbed liquid does not accumulate material, the conservation of mass and momentum at the boundary implies that the material within the pressure wave is characterized not only by a higher pressure, but it also moves in the direction of the wave with a particle velocity u P which is distinct, and slower, than the wave velocity u S . The particle velocity depends on the pressure and is a material-specific property. 12 Therefore, in our experiments, if the absorbed X-ray energy propagated in liquid as a pressure wave, it would produce a volume of liquid water that (i) has a high pressure and (ii) is moving away from the X-ray beam location with a velocity equal to the particle velocity.
Assuming that the energy deposited by X-rays in the illuminated volume was redistributed approximately uniformly in a larger volume with dimensions comparable to the diameter of the jets and drops, the energy density generated in this larger volume was still sufficient to completely or partially vaporize the water. The experiments presented here did not investigate directly the mechanism of vaporization, but the two parameters needed to model explosions-the pressure and the expansion velocity of the vapour cloud-can be evaluated from the energy density of the pressure or shock wave.
We based our models on the hypothesis that the energy from the water filament heated isochorically by Xrays propagated outwards as a pressure wave. The exact distribution of the pressures and of the particle velocity generated by the XFEL pulse in water requires numerical modelling of the wave propagation and was outside the scope of this paper. To calculate the velocity acquired by the liquid, we assumed that the liquid inside the pressure wave boundary had well-defined thermodynamic properties and that its pressure was uniform. These assumptions are approximations, but are justified by the geometry of the system and by the length scales of the drops and jets. In our experiments, the size of jets and drops is on the order of microns, and 2-20 times larger than the X-ray beam; numerical simulations of laser-induced shock propagation in liquids, over similar length scales, predicted relatively flat pressure distributions. 20, 25 We define a reference pressure, P Sr , for both drops and jets, assuming that the absorbed energy is redistributed uniformly inside a spherical drop with the same radius as the drops and jets, and generates a pressure proportional to the energy density: ), in all experiments less than 5% of the incoming photons were absorbed in the water sample; at any position along the intersection of the beam with the liquid the photon flux, and thus the energy deposited, was approximately constant. Eqn. (S1) thus assumes that the intensity of the X-rays remains constant as it passes through thin layers of water, leading to uniform heating.
The proportionality parameter Γ in Eqn. (S1) is the ratio between pressure and energy density, equal to the Grüneisen coefficient or parameter 12 in a material described by a Mie-Grüneisen equation of state. For example, in an ideal monoatomic gas, the Grüneisen coefficient is equal to 2/3. We used in our models the measured value 26 (Γ = 0.5) of the Grüneisen coefficient or parameter in liquid water at a density close to 1000 kg/m 3 . Our models do not depend qualitatively on the value of Γ as long as it is constant.
Because the particle velocity is a single-valued function of the pressure, ) ( Sr
, a flat pressure distribution corresponds to a flat particle velocity distribution. The images of fragmented drops (see Fig.  2b -c in main text) are compatible with this hypothesis, as they show an approximately flat shadowing profile due to the fragments produced from the drop. Qualitatively, our results are incompatible with the formation of a shock wave in which the energy of the pressure wave is concentrated near the shock front. The pressure relaxation that occurs when the shock arrives at a water/vacuum interface accelerates the water to approximately twice the particle velocity u P , and vaporizes it into a cloud that expands at a velocity v gas given by:
We note that within the accuracy level of our measurements and analytical estimates, it is not possible to differentiate between a flat and a more complicated distribution of v gas . For example, a velocity proportional to the distance from the symmetry axis would increase our estimates of the reference pressure P Sr (Eqn. (S1)) and of the ejection velocity v gas (Eqn. (S2)) by less than a factor of 2.
B.3. The dynamics of the gap growth in jets
The impact of a liquid jet on a solid block with dimensions comparable to the jet diameter can lead to the formation of axisymmetric sheets of flowing liquid. 27 In our experiment, the solid surface was replaced by the transient gas pressure of the expanding cloud.
The retraction velocity of the water column in our gas-driven liquid film is related to the gas pressure applied on the column's end. The relation is given by the conservation of linear momentum of the liquid in the jet: along the symmetry axis, the force that the gas pressure exerts on the column is equal to the rate at which the liquid acquires momentum.
The centre of explosions translated downward in the frame of reference in which the X-ray beam is stationary (i.e., the lab frame, in which the experimental apparatus is also stationary). Within the accuracy of measurements, this translation velocity was equal to the velocity of the liquid: the explosion "travelled"
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along with the jets or drops. Therefore, in the inertial reference frame in which the liquid, before the pulse, was stationary (i.e., the jet frame) the centre of explosions was also stationary. For simplicity, we made all of the calculations in the jet frame; the explosion velocities in the lab frame can be calculated from the formulas presented here by adding the jet velocity.
The kinematics of the momentum transfer is illustrated in Fig. S5 , in the jet frame; in this frame, the liquid illuminated by the XFEL beam (the blue dot) is stationary. Jet images during stage I show that the film connects to the jet at an approximately right angle. Therefore, a particle of fluid that was recently injected in the film has an axial velocity (i.e., parallel to the jet) approximately equal to the retraction velocity of the column at the time of its ejection. Thus, in the jet frame, the effect of the gas pressure is to accelerate axially the liquid entering the film, from rest to the velocity at which the column is consumed, v retraction (v retraction is equal to half of the speed of growth of the gap, see Fig. S5b ). The relation between the gas pressure in the gap, P gas , and v retraction is given by an axial linear momentum balance:
where R j is the jet radius, (mv) jet is the kinetic momentum of the liquid on one side of the gap in the reference frame of the jet, and ρ L is the density of liquid in the column.
We note that Eqs. (S3) and so (S4) are approximations: (i) We assumed that the area over which the gas pressure acts is equal to the cross-section of the column, but the actual gas-driven force on the column is possibly enhanced by the flattening of the column end, and probably reduced because the pressure decays off the axis of the column; (ii) We approximated that the film was ejected perpendicular to the column. In the development of the model, we applied Eqn. (S4) to determine the relation between P gas (t) and v retraction (t) when the gas pressure is the dominant factor in the growth of the gap (i.e., the stage I of gap growth).
To model the growth of the gap, we need to define the initial conditions. Stage I of the gap growth in the jets starts after a small section of the liquid jet near the interaction region is vaporized. We chose the length of the vaporized section at the beginning of stage I to be equal to the diameter of the jet, because the smallest gap size observed in the movies was comparable to the jet diameter.
In the case of drops, we assumed that all the absorbed X-ray energy contributed to the generation of the pressure P Sr ; this assumption agreed with experimental observations (see Fig. 3 in the main text). In jets, following this assumption led to gas pressures significantly larger than those expected from the rate at which the gap expanded. The reduction of the gas pressure available during the expansion of the jet debris clouds reflects the conversion of part of the absorbed energy into shock and pressure waves that travel in the jet ends. We accounted empirically for this phenomenon specific to jets by scaling down the pressure and particle velocity expected in a drop with the same diameter as the jet:
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where P Sr, J and v gas, J are the gas pressure in the jet gap at the beginning of stage I, and the expansion velocity at the periphery of the vaporized cloud; they are smaller than the pressure and expansion velocity during drop explosions (Eqs. (S1) and (S2)) by the numerical factors K E and K v , respectively. Fig. 5a in the main text for the gap growth mechanism). The drawing shows overlaid jet configurations, in the jet frame, for three delay times t1<t2<t3, with t2 ≈ t3. The fluid particle generated at t2 travels axially with the film by a short distance ∆xF,2→3 which is approximately equal to the jet retraction distance ∆xJ,2→3. The curvature of the films during stage I is a kinematic effect caused by the rapid decrease of the gap expansion velocity with time: the jet retraction between t1 and t3, ∆xJ,1→3, becomes significantly smaller than the axial motion of the fluid particles in the film, ∆xF,1→3, because the jet retraction velocity decreases while the axial velocity of fluid particles in the film remains approximately the same. The X-ray beam is perpendicular to the page. b, Model parameters: vretraction is the retraction velocity of the jet ends in the jet frame, and Xretraction is half of the gap size.
Figure S5 I Film and gap kinematics. a, Film kinematics leading to curved films during stage I (see
To determine the evolution of gas pressure in the gap, we assumed that the vapour molecules and the liquid fragments produced by the expansion travelled in straight lines and did not collide with each other-in other words, we assumed that the expansion was ballistic. We also assumed that the expansion of the cloud was perpendicular to the X-ray beam and formed a disk of debris as thick as the drop diameter, but we note that the cloud also expanded slightly along the direction of the X-ray beam, and therefore the expansion did not have the exact cylindrical symmetry of a disk. The use of a cylindrically symmetric expansion model, which leads to formulas characteristic for a two-dimensional expansion, was eventually validated by the good quantitative agreement with the experimental data.
The hypothesis of ballistic expansion was justified by the vacuum environment and by the large degree of expansion-at the end of stage I, the vaporized cloud had a volume two to five orders of magnitude larger than its initial volume. Ballistic expansion implies that (i) the velocity distribution in the cloud was proportional to the distance to the symmetry axis, (ii) a uniform density distribution was preserved during expansion, and (iii) the expansion preserved the internal energy of the cloud. 28 A ballistic expansion with cylindrical symmetry leads to an inverse square dependence of the gas pressure in the cloud on the delay time t: Stage I ends when the retraction rate caused by the jet's surface energy becomes larger than the retraction rate caused by the decaying gas pressure of the cloud. The effect of surface tension on a cut column of liquid is to cause the retraction from the cut end at a constant velocity v γ ; if the viscosity of the liquid is too low to have an effect on the retraction, v γ is given by:
where γ L is the surface tension of the liquid. We defined the end of stage I as the delay time t I when the column retraction velocity given by Eqn. (S4) becomes equal to v γ :
The condition for the end of stage I (Eqn. (S12)) and the linear momentum balance (Eqn. (S4)) define the cloud pressure at the end of stage I, P end , as:
If the relation between the particle velocity u P and the pressure P Sr , and the values of the coefficients K E and K v are known, Eqs. (S10), (S12) and (S13) can by integrated and evaluated numerically to determine I. Here, we used data from the literature for the dependence of particle velocity on shock pressure in water, 30, 31 and we determined the coefficients K E and K v by fitting the experimental data to the model.
The experimentally determined relation between particle velocity and pressure in water cannot be approximated accurately over a wide range of pressures by a simple power law. In water, this relation can be empirically approximated by
, where P S is the shock pressure, c 0 is the speed of sound in water, and u S is the shock velocity. 31 This dependence precludes the derivation of simple algebraic formulas, valid at any pressure values, which would illustrate the basic dependencies of gap dynamics on experimental parameters. To provide simple analytical formulae for the damage caused by XFEL pulses in jets and drops, we substituted in the empirical approximation above P Sr for the shock pressure, and we the investigated the limiting cases characterized by a simple power-law dependence of u P on P Sr . We defined these limiting cases as a high-pressure regime ( Sr P P P u c u; 0  ), and a lowpressure regime (
According to these definitions, the high-pressure regime for water is accurate for pressures larger than 10 GPa, and the low-pressure regime is accurate for pressures smaller than 1 GPa.
Because the reference pressure P Sr is inversely proportional to the square of the jet diameter, the explosion regime most appropriate for calculations depends on the jet size. Taking into account the amount of absorbed X-rays in our experiments, we found that the explosions are modelled best using the high-pressure regime for GDVN jets, and the low-pressure regime for Rayleigh jets.
To distinguish between the two pressure regimes, in the following sections we labelled the variables that depend on the type of regime with additional subscript indexes, h and l, for the high-pressure and lowpressure regimes, respectively.
B.3.1. The high-pressure regime
In the high-pressure regime (P Sr > 10 GPa) we can use the approximate relation
, because at these pressures the particle velocity u P is larger than the speed of sound c 0 . Under these conditions, Eqs. (S5), (S6) and (S8) take the forms:
Using Eqs. (S15) through (S17), Eqn. (S10) can be integrated to two equivalent forms:
By fitting the gap measurements for GDVN jets (see Fig. S8 ) to equation (S18), we determined K E,h = 0.06 and K v,h = 0.12.
Introducing into Eqn. (S19) the stage I starting gas pressure P Sr, J, h (Eqn. (S15)) and the stage I ending gas pressure P end (Eqn. (S14)) we obtain the (half) gap size at the end of stage I,
B.3.2. The low-pressure regime
In the low-pressure regime (P Sr < 1 GPa), we can use the approximate relation
. This relation defines the low-pressure expansion velocity v gas,J,l and the low-pressure timescale τ l for the gap growth,
Here, the conversion of X-ray energy to particle velocity and gas pressure is more complicated than in the case of the high-pressure regime, because the energy used to vaporize water is no longer negligible compared to the energy of the pressure wave; the partial vaporization of the liquid must be taken into account. Partial vaporization leads to a reduction in density of water vapour, and thus to smaller gas pressures available to drive the gap expansion. We assumed that the reduction in the cloud pressure, relative to a fully vaporized cloud, was proportional to the mass fraction of vapour within the cloud. We evaluated this mass fraction, in the case of partial vaporization, as the ratio between the reference pressure P Sr and the cohesive energy density of water, δ L (the energy density required to separate all molecules in the liquid phase to infinite separation, equal to 2.3 GPa).
Using the low-pressure approximations (Eqs. (S21) through (S23)), we obtain two equivalent formulae for the time dependence of the low-pressure half-gap size, X retraction,l (t): Introducing into Eqn. (S25) the stage I starting gas pressure P Sr, J, l (Eqn. (S23)) and the stage I ending gas pressure P end (Eqn. (S14)) we obtain the (half) gap size at the end of stage I,
In the low-pressure regime the characteristic timescale of gap dynamics, τ, has different dependencies on jet size and pulse energy than in the high-pressure regime. In the low-pressure regime, The high-and low-pressure models predict quantitatively different dependencies of the stage I gap size on the pulse energy (Eqs. (S20) and (S26), respectively). The gap size depends logarithmically on the pulse energy in both models, but doubling the pulse energy increases the gap size by ~0.5 jet diameters in the high-pressure regime, and by ~0.9 jet diameters in the low-pressure regime. Experimental measurements on jets probed at different pulse energies (see Fig. 4b in the main text, Fig. S8b ) agreed with this predicted scaling in both regimes.
The gap growth models for stage I are appropriate for modelling explosions effects at delay times from a few characteristic times τ until the end of stage I. At later times, interfacial retraction begins to dominate the process of gap expansion; at earlier times, the ballistic expansion of the cloud is not established yet.
B.4. The momentum acquired by the nearest drops to an exploding drop
The effect of exploding drops on their nearest neighbours in the train can be estimated in two limiting cases of momentum transfer, depending on the degree of fragmentation of the exploded drop. , and in this case the aerodynamic drag force F drag experienced by the next-neighbour drops is:
where m drop , a drop , and A drop are, respectively, the drop mass, acceleration, and cross-sectional area; ρ G and v G are, respectively, the density and velocity of the gas impinging on the drop; and c d is the drag coefficient. For spherical drops with a radius R d , the instantaneous acceleration of the drop is given by:
To obtain simple formulae for the effect of explosions on the neighbouring drops, we assumed that the debris from the drop explosions expands perpendicular to the X-ray beam, and thus generates a disk of debris with a thickness equal to the drop diameter. We note that the debris we observed also expanded slightly along the direction of propagation of X-rays, and therefore our models overestimate the gas density and pressure, eventually leading to an overestimation of the explosion effects on the neighbouring drops.
Under the assumption that the debris expands perpendicular to the X-ray beam, the gas density and velocity at a distance D from the X-ray beam can be estimated assuming a cylindrically symmetric and self-similar expansion of the cloud, with a peripheral velocity v gas given by Eqn. (S2):
The time variable t' in Eqs. 
Because the drag-induced acceleration decays very rapidly, we approximated that the nearest-neighbour drops were stationary during the acceleration. The acquired velocity was calculated by integration of Eqn.
(S31) with a constant D equal to the spacing of drops in the train, L d :
where v drop (t') is the instantaneous velocity of the nearest-neighbour drop, and v neighbour its limiting value for
B.4.2. Breakup of exploding drops to liquid fragments
In the case of an accretion mechanism, which occurs when most of the mass in the expanding cloud is in the form of small liquid drops, the nearest-neighbour drops accrete a fraction Φ accr of the debris material, given by the ratio of the projected area of the drop to the surface area of the edge of the cloud:
The rate of linear momentum accumulation is given by:
where p drop is the linear momentum acquired by the next-neighbour drop. We approximated the velocity and density in the cloud of debris using Eqs. (S29) and (S30). The total linear momentum acquired by the nearest-neighbour drops, and the acquired velocity are, respectively:
The velocity acquired through the accretion mechanism (Eqn. (S37)) and through the drag mechanism (Eqn. (S33)) have almost the same dependence on R d , L d , and v gas , but the magnitude of the velocity is different. Taking into account that the drag coefficient for a sphere 11 is close to 0.5, and that when the drops are spaced by more than a few diameters,   1
, the accretion mechanism leads to neighbouring drop velocities approximately four times larger than the drag mechanism. Therefore, at the same density and the velocity of the expanding cloud, the accretion mechanism is approximately four times more efficient in transferring momentum to the drops than the drag mechanism.
In experiments with 40 µm diameter drops, neither the accretion nor the drag mechanism applied exactly. The expanding cloud was visible at all X-ray pulse energies investigated, indicating that part of its mass was in a liquid phase; at the highest pulse energy, however, the cloud became optically clear shortly after The ratios shown here are based on the experimentally determined value of vgas. The error bars represent the uncertainty of experimental data. its edge passed the nearest-neighbour drops. Fig. S6 compares the measured limit velocity of neighbouring drops with the prediction of the drag model. At the largest pulse energies, the drops acquired slower velocities than predicted by our model, because the cloud expansion is not exactly perpendicular to the Xray beam and the gas density at the position of neighbour drops was less than that predicted by Eq. (S30).
At lower pulse energies, we observed increasingly faster velocities relative to the drag model, a behaviour that reflects the change in the momentum transfer mechanism from drag to accretion. Table S1 displays a summary of the explosion experiments performed on liquid jets. As the diameter of the jet became larger, the gap sizes increased and their explosion dynamics slowed down. The early dynamics of the gaps in jets of suspensions of microcrystals in water were practically indistinguishable from those in pure water jets, except for a larger spread in measurements. Jets of crystal suspensions also formed thin films, but these particle-laden films disintegrated before folding (see Supplementary Videos).
C. Comparison between measurements and the predictions of models
The growth of the gap predicted by Eqs. (S18) and (S24) implies that all stage I gap growth measurements can be reduced to two curves characteristic of the low-or of the high-pressure regime, by scaling the gap by the jet diameter, and the delay time by the characteristic time τ h or τ l . The differences in the gap expansion between the two models are significant, and the gap data for Rayleigh jets, which exploded in the lowpressure regime, cannot be modelled (see Fig. S7a ) using the high-pressure timescale τ h (Fig. 4b in the main text shows the raw gap data for 20 µm diameter Rayleigh jets). Instead, the low-pressure timescale τ l must be used to model the gap growth in the Rayleigh jets, as shown in Fig. S7b . The gap dynamics in jets with diameters between 2.74 µm and 6.65 µm produced by a gas-dynamic virtual nozzle (GDVN), from experiments performed with 750 µJ X-ray pulses, is shown in Fig. S8a; Fig. S8c displays the scaled data for stage I. The scaled duration of stage I depends on the jet diameter and the pulse energy, and ranged in our experiments from tens to hundreds of characteristic times τ h .
Fig . S8b shows the raw data, and Fig. S8d shows the scaled stage I data, for a 3.5 µm diameter GDVN jet exposed to pulses with different energies. The agreement with the model is worse at the lowest pulse energies, but the differences are comparable to the spread in the gap sizes at a given time delay. Fig. S8d also illustrates the changes in the scaled duration of stage I at different pulse energies: while at 0.75 mJ it is longer than 100τ h , at 0.08 mJ it is shorter than 50τ h .
For practical application of the gap growth formulas, we need a simple criterion for choosing either the low-or the high-pressure models. Fig. S9 shows the comparison between models and data, including predictions outside the expected range of validity of the models. The crossover between the two models occurs close to a reference pressure P Sr equal to the cohesive energy density of water, δ L (2.3 GPa). The low-pressure model provided better predictions for P Sr < δ L , while the high-pressure model was better for P Sr > δ L . The high-pressure model should be used if P Sr > 2.3 GPa, and the low-pressure model if P Sr < 2.3 GPa. 
D. Estimation of explosion-limited pulse repetition rates in XFEL experiments
Our experimental measurements investigated Rayleigh and GDVN water jets, and GDVN jets of crystal suspensions in water. The liquid characteristics that are critical for the validity of our models are their viscosity and their X-ray absorption characteristics; the viscosity of water is low enough to not be important in our models, and the weak X-ray absorption of water leads to nearly cylindrically symmetric explosions. Therefore, our models are compatible with low-viscosity microjets (viscosity less than ~0.1 Pa·s) that absorb X-rays weakly (linear absorption coefficients less than ~10 ). In many serial femtosecond crystallography applications, however, the samples are carried in either high-viscosity buffers, or in buffers that have a high X-ray absorption coefficient; the models we developed here do not apply to such jets, and further work is needed to characterize and predict the effects of their explosions.
The goal of the estimates in this section is to provide sets of operating parameters under which the formation of gaps or the displacement of neighbouring droplets do not affect the serial delivery of samples, based on the characteristics of the liquid used to carry samples-density, surface tension, and the X-ray absorption coefficient. Because the sets of parameters derived below often fall outside the range of operation of jets and droplet injectors currently used in XFEL experiments, they represent goals for the development of new sample delivery methods at high repetition rate XFELs.
D.1. Water jets
The most severe effect of explosions on liquid-based sample delivery for serial experiments is the displacement of liquid. If a subsequent X-ray pulse arrives too early after the explosion, it will not intercept sample-carrying liquid. In Rayleigh jets, the folding of the film induces further jet damage, but this type of damage can be avoided by using gas-focused jets. Fig. S2 shows pictures of Rayleigh and gas-focused jets used in the experiments, and the film dynamics in a GDVN jet.
For jets, the rate at which an experiment can be repeated is always limited by the time required for the broken jet to return to the interaction region. The returning time depends on both how fast the gap grows and on how rapidly the jet motion moves the gap away from the interaction region. This balance between the destruction and the renewal of the jet defines the minimum time interval between pulses, t min . If the gap growth function X retraction (t) in the jet frame and the velocity of the undisturbed jet in the lab frame v jet are known, the time elapsed between the XFEL pulse and the return of the jet at the interaction region, t min , is given by the relation:
Fig. S10 illustrates this relation graphically for a 5.6 µm diameter water jet, using the measured jet velocity from our experiments, and two hypothetical higher velocities. For each jet velocity, t min is given by the intersection of the gap growth curve with a line that has a slope equal to the jet velocity.
The 5.6 µm diameter GDVN water jet flowed at a velocity of 20.3 m/s, and returned to the interaction region after t min = 1.4 µs. For these experimental conditions, the maximum repetition rate, equal to 1/t min , will be around 700 kHz. If a 5.6 µm diameter jet could be produced with velocities of 50 and 100 m/s, the return times would be 0.45 and 0.2 µs, respectively, allowing repetition rates higher than 1 MHz.
Formally, the maximum repetition rate could be increased to any value using very fast jets, but for a given GDVN nozzle the jet diameter and the jet velocity cannot be controlled independently. A different nozzle would have to be built to reach the hypothetical jet velocities in Fig. S10 while maintaining a 5.6-µm diameter jet.
We propose a design target for future nozzle development, based on the observation that in the first ~1 µs after explosions, the gap growth during stage I dominates the gap size (see Fig. S8 ): the goal is to make liquid jets that would return to the interaction region at the end of stage I. The parameters of such jets can be calculated using our model for the stage I of the growth of the gap. Taking the case of GDVN water jets, whose explosions are predicted well by the high-pressure model, the jet return time should be equal to the duration of stage I, t I,h : 
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We note that neither t I,h nor v jet,I,h depend on the pulse energy. This feature of jet explosions in the highpressure regime might prove useful in high-rate XFEL experiments, because once the parameters of a jet are set to enable high repetition rates, further adjustments will not be required if the energy of XFEL pulses must be varied during experiments.
As a numerical example, we can calculate the repetition rate and the jet velocity for a 5.6 µm diameter water jet, because this is a jet size compatible with carrying microcrystals for serial crystallography. The return time t I,h is in this case 395 ns, and the designed jet velocity v jet,I,h is 55 m/s; a repetition rate of 2.5 MHz would be sustained when the jet is probed with 0.75 mJ pulses of 8.2 keV photons. If ~5 µm diameter jets of liquids with low viscosity and low X-ray absorption can be made to flow at 50-100 m/s, they should be compatible with full-rate hard X-ray experiments at the European XFEL 32 (4.7 MHz in-bunch frequency). 
D.2. Trains of water drops
The model for the velocity acquired by neighbours in a drop train can be used to evaluate the impact of explosions on sample delivery methods based on liquid drops. Here we analyse a model experiment: a train of water drops synchronized with the XFEL pulses. If the drop frequency is equal to the pulse frequency, data will be lost for pulse energies sufficient to lead to drop explosions, because the next drop to be probed will be pushed out of synchronization by the debris from the explosion. When drops explode, practical synchronization schemes that use all available XFEL pulses require a drop frequency that is a multiple of the pulse frequency. If the drop frequency is twice the pulse frequency, every other drop in the train will be probed by X-rays. A necessary condition for maintaining synchronization is that after the explosion, the neighbour drops do not collide with the next-neighbour drops before the latter are probed by a subsequent X-ray pulse. This condition can be written as an inequality between the velocity of the drop train v T and the velocity acquired by neighbor drops, v neighbour :
Because every other drop in the train must be synchronized with an X-ray pulse, the train velocity is given by:
where t X is the period of X-ray pulses. For the case of complete vaporization of drops, we can introduce Eqs. (S42) and (S33) in Eqn. (S43) and rearrange the terms in the inequality to obtain: ), the X-ray wavelength and maximum pulse energy from our experiments, and assuming t X = 220 ns, Eqn. (S44) predicts that a full rate experiment can be performed at the European XFEL if the diameter of the drop (2R d ) is larger than approximately 6 µm-a size that is compatible with serial crystallography experiments. To maintain synchronization, 6 µm diameter drops produced at a rate of 9.4 MHz must move at a velocity of approximately 150 m/s. This set of parameters cannot be currently achieved by inducing drop breakup in a GDVN jet, but other techniques can be devised, for example by using a drop frequency that is three or more times larger than the X-ray pulse frequency, or by allowing every other XFEL pulse to miss neighbouring drops pushed by explosions. 
